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Method of making 

We, Matsushita Electric Industrial 
Co., Ltd., a corporation organised under the 
laws of Japan, of 1006, Kadoma, Kadomacho, 
Kitakawachi-gun, Osaka, Japan, do hereby de- 
clare the invention, for which we pray that 
a patent may be granted to us, and the method 
by which it is to be performed, to be particu- 
larly described in and by the following state- 
ment: — 

The present invention relates to a method 
of making titanium capacitors. The titanium 
capacitor as referred to herein is a capacitor 
which employs metal titanium as an anode 
metal with a film of titanium oxide formed 
on the surface thereof by electrochemical means 
to serve as a main dielectric" and a layer of 
conductor material and, if desired, a layer 
of semiconductor material both deposited on 
the oxide film. The semiconductor layer is 
usually formed of manganese dioxide, zinc 
oxide, germanium or lead sulphide, while the 
conductor layer takes the form of a vapor- 
deposited film of metal such as gold or alu- 
minium or a coating of silver paste or colloidal 
carbon. 

In general, metal titanium is formed on its 
surface with an oxide film by anodic oxida- 
tion. The crystal structure and oxygen con- 
tent of the oxide film formed depend largely 
upon the forming method. By selecting proper 
forming conditions, an oxide film may be 
obtained which is electrically suitable for use 
as a dielectric having characteristics excelling 
those of other dielectric metal oxides such 
as aluminium, tantalum and niobium oxide. 
That is, the titanium oxide film properly 
formed has a dielectric constant higher than 
that of aluminium, tantalum or niobium oxide 
and a dielectric loss tangent lower than that 
of any of these metal oxides, and also has 
very good frequency characteristics. When 
used as an anode metal in a capacitor, titanium 
is slightly inferior to tantalum or niobium 
but much superior to aluminium in corrosion 
resistance, weather resistance, thermal de- 
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Titanium Capacitors 

terioration and other characteristics relating 
to the service life of the capacitor. The 
reason why the titanium capacitor has not been 
used previously despite the excellent charac- 
teristics of titanium is that metal titanium 50 
has not been previously available with satis- 
factorily high purity and that the techniques 
of forming metal oxide Ems had not been fully 
developed. 

However, it has recently become possible 55 
to obtain metal titanium of a highly improved 
purity and the anodic oxidation process for the 
metal has been improved so increasing the 
possibilities of the use of the metal in capaci- 
tors. Particularly, solid electrolytic capacitors 60 
have been developed recently similar to those 
well known with tantalum and aluminium. 
With these capacitors, an inorganic and stable 
semi-conductor material is utilized instead of 
a liquid electrolyte solution and this has 65 
brought about improvement in characteristics 
of the capacitors. 

Previous examples of electrolytic capacitors 
using metal titanium having on the surface 
a dielectric in the form of an oxide film formed 70 
by electrochemical means are few. It is one 
aim of the present invention to provide a 
method of making titanium electrolytic capaci- 
tors having high dielectric constant, small 
dissipation factor and small leakage current. 75 

According to the invention a method of 
making titanium capacitors comprises provid- 
ing an anode of titanium metal, subjecting said 
anode to a pretreatment by immersing die 
same into an acid to which the titanium metal 80 
is corrosion resistant for a time sufficient to 
remove any impurities from the surface there- 
of and to form a thin, uniform, oxide film 
thereon, and anodizing the pretreated anode 
in a molten electrolyte consisting essentially 85 
of a mixture of the nitrates or nitrites of an 
alkali metal and the nitrates of an alkaline 
earth metal. 

The present invention provides a titanium 
capacitor which has an oxide film electro- 90 
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chemically formed on the metal titanium onto 
which a semiconductor or conductor layer may 
be intimately bonded and which has an ex- 
cellent characteristics over wide temperature 

5 and frequency ranges. Such a capacitor is 
economical in material, comparable in charac- 
teristics to a tantalum electrolytic capacitor, 
satisfactory in service life and highly useful 
in practical applications. 

10 The method of forming an improved 
titanium oxide film suitable for use as a di- 
electric of a solid-electrolyte capacitor of the 
kind described, and the improved method of 
pretreating titanium before it is subjected to 

15 anodic oxidation and the improved electrolytic 
solution and forming process to be employed 
in anodic oxidation of titanium produce a 
satisfactory product. 
The method of the invention will be further 

20 described by way of example and with refer- 
ence to the accompanying drawings, in which : 
Figure 1 shows the structure of a dry type 
titanium electrolytic capacitor; 
Figure 2 shows the relationship of the 

25 electrostatic capacity, dielectric loss and leak- 
age current to the sintering temperature at 
which is sintered the titanium element for 
the electrolytic capacitor according to the pre- 
sent invention; 

30 Figure 3 is a cross-sectional illustration of 
a portion of the metal titanium showing the 
way in which the latter is pretreated according 
to the present invention; 

Figure 4 illustrates the immersion time to 

35 leakage current rektiqnship obtained when the 
pretreatment has been performed; 

Figure 5 illustrates the forming time to 
forming current relationship when the metal 
titanium is subjected to formation in a molten 

40 salt bath. t t 

Figure 6 illustrates the relationship between 
the forming time and the leakage current 
when die same forming procedure has been 
carried out; 

45 Figure 7 illustrates the relationship between 
the forming voltage and the leakage current 
when a molten salt mixture of sodium nitrate 
and sodium nitrite is used; 
Figure 8 illustrates the relationship between 

50 the forming time and the leakage current 
corresponding to Figure 7; 

Figure 9 illustrates the relationship between 
the forming time and the leakage current when 
a molten salt mixture of sodium nitrate and 

55 calcium nitrate is used; and 

Figure 10 illustrates the relationship between 
the applied voltage and the leakage current 
under a certain condition when the same salt 
mixture as in Figure 16 is employed. 

60 Figure 1 shows a structure based on the 
principal of a dry type titanium electrolytic 
capacitor wherein reference number la indi- 
cates the titanium metal anode, 2a indicates 
an anodized oxide film, 3a indicates a semi- 



conductor layer, 4a indicates a carbon layer 65 
and 5a indicates a silver electrode layer. 

To begin with, the anodic base of titanium 
may take the form of a foil, wire or sintered 
powder. The sintered material is produced 
under conditions widely differing from those 70 
for tantalum and niobium. It has been found 
that the grain size of the titanium powder 
and the sintering temperature therefor are 
critical in order to obtain a satisfactory sintered 
titanium material. Detailed description will 75 
now be given in this connection. 

Grain Size of Titanium Powder 
In connection with titanium, sintering has 
been employed hithertofore in powder metal- 
lurgy but has never been used in the manu- 80 
facture of anodes for electrolytic capacitors. 
In addition, in powder metallurgy it is de- 
sired that the sintered product has a porosity 
as small as possible and only powders finer 
than 300 mesh are used as sintering material. 85 
However, in order that the sintered product 
may successfully be utilized as an anode for 
an electrolytic capacitor, it must have an 
adequate porosity, high enough to be impreg- 
nated with the electrolyte, to give an increased 90 
effective area of an electrode surface so that 
compact large-capacitance capacitors may be 
obtained. According to one aspect of the 
present invention, sintered products are ob- 
tained from titanium powders including 50% 95 
or less fine grains smaller in size than 300 
mesh for use in electrolytic capacitors. For 
anodes of electrolytic capacitors, sintered pro- 
ducts from powders of tantalum and niobium 
have previously been in use. However^ 100 
titanium differs widely from tantalum ^ or 
niobium in physical and chemical properties; 
titanium has a melting point lower than that 
of tantalum or niobium and an affinity to 
oxygen, nitrogen, hydrogen and other gaseous 105 
fluids much higher than that of tantalum or 
niobium. Consequently, the grain size of 
titanium powder usable in sintering is naturally 
widely different from that of tantalum or 
niobium powder. For obtaining sintered pro- HO 
ducts for use in electrolytic capacitors, the 
tantalum powder employed should contain a 
large proportion of less than 300 mesh par- 
ticles admixed for the purpose of obtaining 
compact large-capacitance units. 115 

To cite one example, 300 mg of tantalum 
powder containing 20% of particles ranging 
between 100 and 200 mesh, 20% of particles 
between 200 and 300 mesh and 60% of 
particles finer than 300 mesh was sintered 120 
under vacuum of 10^ mm Hg at a tempera- 
ture of 2000° C. for 60 minutes. Samples 
of the sintered product were subjected to 
anodic oxidation in an aqueous solution of 
phosphoric acid and measured in a 10% 125 
aqueous solution of sulphuric acid at room 
temperature for electrostatic capacity C, di- 
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electric loss tan 8 and leakage current i, giving 

C=3 v uF(120c/s) 
tan 8 =2.0— (120 c/s) 
i= 0.0003 Qjl A/jiF.V) 

Next, experiments conducted with titanium 
will be described Titanium powders of 
different grain sizes were compacted into 



shapes and sintered under vacuum of 10*^ 
mmHg at a temperature of 1000° C. for 20 
minutes. The samples thus obtained were 10 
subjected to anodic oxidation in a molten 
nitrate bath at 400° Q and measured in a 
10% aqueous solution of nitric acid at room 
temperature for electrostatic capacity C, di- 
electric loss tan S, and leakage current i, giving 15 
the following results. 
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It is observed that titanium showed a ten- 
dency quite distinct from tantalum, that is, 

20 titanium powders including 50% or more of 
particles finer than 300 mesh gave sintered 
products lacking porosity. The same result 
was obtained even when the sintering tempera- 
ture was lowered to the vicinity of 600° C 

25 Tantalum powder in general gives a satis- 
factory leakage current characteristic irrespec- 
tive of the distribution of grain sizes involved. 
On the other hand, the samples obtained from 
titanium powder including particles between 

30 100 and 200 mesh or 200 and 300 mesh ex- 
hibited extraordinarily low leakage current 
values, as listed above. Powders having a 
range of grain distribution of less than 100 
mesh give further improved leakage current 

35 characteristics. 

Sintering Temperature 
Previously, in powder metallurgy of metal 
titanium, sintering has been performed in a 
vacuum as high as 10"" 5 mm Hg at 1200° C. 
40 for 16 hours to obtain sintered products hav- 
ing a specific gravity of approximately 4.5. 
However, such products, when utilized as an 
anode for electrolytic capacitors, cannot be 
fully impregnated with the electrolytic solu- 



tion to produce capacitors of high capacitance. 45 
Accordingly, sintering conditions must be care- 
fully selected to obtained sintered products 
having an adequate porosity so that such 
sintered products may successfully be em- 
ployed as anodes of electrolytic capacitors. It 50 
has been found by investigations conducted 
on sintering conditions that to obtain adequate 
porosity the sintering temperature is a very 
important factor, and the sintering tempera- 
ture has been determined to give sintered 55 
products practically usable in capacitors of 
the character required. In powder metallurgy, 
the sintering temperature is generally set at 
about two-thirds of the melting point of the 
metal, and in the case of titanium, the tern- 60 
perature is usually about 1,200° C. However, 
when the titanium powder is sintered at 
1,200° C, the sintering time must be limit ed 
to five minutes or shorter to retain the porosity 
of the sintered product In addition, even 65 
if the sintering time of five minutes or shorter 
be employed, the product will give finished 
capacitors an equivalent series resistance which 
is undesirably large as long as the particles 
in the sintered product are excessively welded 70 
together. Moreover, the sintering at such high 
temperature is apt to cause nonuniforrnity in 
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the sintered product because of the tempera- 
ture distribution in the material and thus is 
undesirable from the industrial viewpoint. In 
the present method, use is made of titanium 

5 powder containing particles finer than 300 
mesh in proportion of 50% or less to obtain 
sintered products for electrolytic capacitors 
in a manner so that the products retain a 
porosity sufficient to be impregnated with the 

10 electrolyte. The sintering is effected at a 
temperature of from 500° C. to 1100° C. 

A practical example of carrying out this 
method will now be described. 
Titanium powder of 99.5% purity and in 

15 the range of particle size of 50 to 100 mesh 
was moulded under pressure of 0.5 tons/ cm 2 
and sintered for 60 minutes at temperatures 
ranging from 500° C. to 1,200° C. The pro- 
duct obtained was subjected to anodic oxida- 

20 tion in a molten nitrate bath at 400° C for 
use in capacitors. The capacitors obtained 
were measured in a diluted aqueous solution 
of nitric acid at room temperature for leakage 
current i (/*A/«F.V), electrostatic capacity C 

25 (uF) at 120 c/s frequency and dielectric loss 
tan 8 (%), giving values as shown in Fig. 2. 
It is observed that the electrostatic capacity 
decreases gradually with rise of the sintering 
temperature and suddenly falls at about 1,100° 

30 C This means that the powder is sintered 
gradually as the temperature rises to the 
vicinity of 1,100° C. when the porosity is 
lost, so that the material no longer allows 
impregnation of the electrolyte. Also, the 

35 dielectric loss increases gradually with the 
temperature as observed. The reason for this 
is that the pores are reduced in size with 
progress of the sintering so that they only 
receive slender column-shaped portions of the 

40 electrolyte, which increase the equivalent series 
resistance of die product.- - When the porosity 
is lost in the vicinity of 1,100° C, the product 
is reduced to a mere rod of titanium and 
the dielectric loss is decreased suddenly. As 

45 regards the leakage current, a sudden decrease 
takes place in the vicinity of 700° C. and 
is followed by a slow fall and then an increase 
toward 1,100° C. In the vicinity of 1,100° C 
the leakage current decreases suddenly as the 

50 porosity is lost The substantial leakage cur- 
rent at temperatures below 700° C. is due 
to insufficient sintering. 

In a case where up to 50% of a powder 
finer than 300 mesh is employed, the appro- 

55 priate range of sintering temperature is from 
500° C to 900° C, but the variation of 
electrostatic capacity, dielectric loss and leak- 
age current with the temperature change is 
generally similar to that shown in Fig. 2. 

60 Pretreatment 

The above-described sintered titanium or 
titanium foil or rod is anodized in an electro- 
lyte to form an oxide film. It has been found 



that the oxide film may be improved by sub- 
jecting the metal titanium to an appropriate 65 
pretreatment before the anodic oxidation. 

Such pretreatment will be described below. 

Fig. 3 is a cross section of metal titanium 
illustrating the manner in which the metal 
titanium is pretreated, and Fig. 4 illustrates 70 
immersion time-leakage current characteristics 
of the product subjected to the pretreatment. 
The leakage current in the titanium electro- 
lytic capacitor is presumably due to the pre- 
sence of impurities in the metal titanium. 75 
The major impurities in metal titanium now 
on the market are iron and oxygen. It is 
known that the presence of iron acts to in- 
crease the leakage current. The impurity 
oxygen takes the form of titanium oxide. 80 
The presence of such oxide on the surface of 
metal titanium partially covering the latter 
acts to make nonuniform the distribution of 
forming current in the metal surface when 
the metal titanium is subjected to anodic 85 
oxidation due to the large difference in elec- 
trical resistance between the metal titanium 
and the titanium oxide. As a result, a non- 
uniform anodic oxidation film is formed on 
the metal surface to increase the leakage cur- 90 
rent. Since metal titanium is easily oxidiz- 
able, it is nearly impossible to completely 
remove any oxide from the metal surface be- 
fore anodics oxidation. The nonuniform dis- 
tribution of oxide on the metal surface is 95 
undesirable, and uniform distribution of oxide 
on the metal surface must give a forming 
current therethrough of uniform distribution. 
In other words, a desirable uniform oxide film 
can be obtained on the metal surface by 100 
anodic oxidation as long as the metal surface 
carries a thin uniform oxide film containing 
no impurities when the metal is subjected 
to anodic oxidation. It is expected that a con- 
siderably reduced leakage current is obtained 105 
as long as the metal surface has been cleaned 
of any impurities before anodic oxidation even 
if the purity of the entire metal is not raised. 
This is because in anodic oxidation only a 
very thin metal layer on the surface is em- 110 
ployed to form an oxide film. The use of 
die pretreatment described is based upon these 
considerations and the main feature thereof 
is to immerse the metal titanium in a solu- 
tion of an acid noncorrosive to metal titanium 115 
to clear the metal surface of impurities and 
form a thin uniform oxide film on the surface. 
Fig. 3 diagrammatically illustrates an oxide 
film 2b formed in this manner on the surface 
of metal titanium lb. Particularly, where 120 
impurities such as iron exist on the metal sur- 
face, the impurity portions are converted into 
iron oxide, which usually makes a path for 
leakage current because of its limited insula- 
tion. However, when the immersion time is 125 
extended, the iron is gradually dissolved away 
from the metal surface because of its solubility 
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in dilute acid. As the impurity iron is thus 
removed, a titanium oxide film is immediately 
formed at the place so that the metal surface 
is covered with a uniform oxide film. Thus, 
5 the leakage current is reduced as the immer- 
sion time is extended. 

The same effect is also expected when the 
metal titanium is immersed in a concentrated 
acid solution. In this case, it is presumed 

10 that since the metal titanium is readily oxidiz- 
able the formation of titanium oxide film 2b 
(see Fig. 3) proceeds along the boundary be- 
tween die impurities 3b and the metal titanium 
in a manner so as to gradually force the im- 

15 purities outward. Also, after the oxide film 
2b has been formed as shown in Fig. 3, when 
the object is immersed in an etching liquid 
such as a mixed aqueous solution of floric 
and nitric acids, the impurity portions are 

20 etched away at a higher rate than die remain- 
ing portion because of the difference in sus- 
ceptibility to the etching effect so that the 
impurities are effectively removed away while 
at the same time a thin uniform oxide film is 

25 formed on the metal surface. 

In view of this, the pretreatment is only 
required to employ an oxidizing solution to 
which metal titanium is corrrosion resistant. 
Such solution may be, for example, a neutral 

30 or alkaline solution, or a solution containing 
an oxidizing acid, a reducing acid containing 
an oxidizer, an organic acid, nitric acid, 
chromic add, or a solution which includes an 
oxidizing substance such as dissolved oxygen 

35 and metal ion* such as ferric and cupric ions. 
Laboratory experiments of this pretreatment 
process willl now be described. A specimen 
of metal titanium subjected to the pretreat- 
ment and one not subjected to such pretreat- 

40 ment were compared with each other by 
examining their metal surfaces by electron 
microscopic photography at a magnification 
of 10,000. Also, such metal surfaces formed 
with an oxide film by anodic oxidation in 

45 a molten nitrate bath were compared with 
each other by electron microscopic photography 
at a magnification of 10,000. The surface 
of metal titanium and that of the oxide film 
formed thereon by anodic oxidation, both 

50 subjected to the pretreatment, were cleaner 
and more uniform, evidencing the effects of 
such treatment, ie., the removal of impurities 
from the metal surface and the formation of 
a thin uniform oxide film thereon by immer- 

55 sion of the titanium in a solution of an acid 
noncorrosive thereto. Next, to describe the 
leakage current characteristics obtained with 
reference to Fig. 4, the curve A represents 
the relationship between the immersion time 

60 in minutes and the leakage current in jxA/cm 2 
as measured in a dilute electrolyte of nitric 
acid at room temperature with specimens each 
prepared by immersing a titanium wire of 0.5 
mm diameter and 99.7 purity in a 10% 

65 aqueous solution of acetic acid for a pre- 



determined length of time and then subjecting 
the wire to anodic oxidation in a molten 
nitrate bath at 400° C. Curve B represents 
the relationship between the immersion time 
and the leakage current obtained with speci- 70 
mens prepared in a similar manner except 
that the titanium wire was immersed in a 
10%^ aqueous solution of chromic acid. The 
relationship between the immersion time and 
the leakage current in the case where the 75 
titanium wire was immersed in 10% sulphuric 
acid, to which titanium is not corrosion resis- 
tant, is^ represented by Curve C. It is ob- 
served in Fig. 4 that with specimens subjected 
to immersion treatment in an acid noncorrosive 80 
to titanium the leakage current decreases with 
the increase of the immersion time, whereas 
with specimens prepared by immersion in sul- 
phuric acid or other acid which corrodes the 
metal the leakage current increases with the 85 
immersion time. 

In the above, the leakage current as 
measured in an electrolyte was employed as 
a measure of determining the effect of the 
pretreatment because the amount of leakage 90 
current measured in this manner is directly 
proportional to the leakage current occurring 
in titanium electrolytic capacitors prepared with 
such anode elements. It has also been found 
that the leakage current can be reduced by 95 
repeating several times immersion in a solution 
of acid noncorrosive to the metal, followed by 
etching. 

Electrolyte 
The electrolyte to be used in the electrolytic 100 
procedure according to the present inventtion 
to form a titanium oxide film as a dielectric 
on the surface of metal titanium will now be 
described in detail. It has previously been 
known that an oxide film having an excellent 105 
insulating characteristic may be formed on 
metal titanium by anodic oxidation in a non- 
aqueous electrolyte and a variety of such non- 
aqueous electrolytes have been proposed. But 
these have been unsatisfactory for the purpose no 
of forming dielectrics for titanium electrolytic 
capacitors. 

The inventors have obtained an electrolyte 
fully satisfactory for use in forming dielectric 
oxide films for titanium electrolyte capacitors. 115 
That is a molten mixture of an alkali metal 
salt of the nitrate or nitrite type and an alkali 
earth metal salt of the nitrate type. Where a 
melt of alkali metal nitride or nitrite salt is used 
alone as an electrolyte, the oxide film formed 120 
on the surface of metal titanium has an un- 
satisfactory insulating characteristic resulting 
in a substantial leakage current. The elec- 
trolytes obtained by the inventors are free 
from such deficiencies. Some examples of 125 
the electrolyte according to the invention are: 

(1) Potassium nitrate and calcium nitrate 

(2) Potassium nitrate and strontium nitrate 

(3) Sodium nitrate and calcium nitrate 
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(4) Sodium nitrite and calcium nitrate 
The melting point of the electrolyte depends 
upon the ratio of the component salts of the 
mixture. The mixture of sodium nitrate and 
calcium nitrate melts at 276° C. when the 
mixing ratio is 1 to 4; at 2,365° C. when 
the ratio is 29 to 21; and at 458° C. when 
the ratio is 4 to 1. The following table 



represents the comparison made between 
capacitors produced through anodic oxidation 10 
with those salt mixtures and those obtained 
through anodic oxidation with conventional 
mixtures of alkali metal nitrate and nitrite 
with respect to the electrostatic capacity C in 
«F/cm 2 , dielectric loss tan 3 in % and leakage 15 
current i in j*A5cm 2 . 





Composition of 
electrolyte 


Mixing 
ratio 


1 a 

(zF/cm 2 


tan S, 

O' 
.0 


i, 

txA/cm 2 


Preferred 


KN0 3 , Ca(N0 3 ) 2 


1:1 


0.51 


2.3 


0.018 


electrolytes 


KNOg, Sr(N03) 2 


4:1 


0.48 


2.0 


0.025 




NaN0 3 , Ca(N0 3 ) a 


3:1 


0.50 


1.8 


0.011 




NaNOg, Ca(N0 3 ) 2 


1:1 


0.62 


2.1 


0.020 


Conventional 


NaNOs, NaN0 2 


1:1 


0.57 


8.3 


1.00 




NaN0 3 , KN0 3 


3:1 


0.50 


10 


8.00 



Measurements were carried out in a dilute 
aqueous solution of nitric acid at room tem- 
perature. The electrostatic capacity C and 

20 dielectric loss tan S were measured at a fre- 
quency of 1 kc, and the leakage current was 
measured one minute after a direct-current 
voltage of 10 V had been applied. 

As is observed, the electrolytes obtained by 

25 the inventors give a dielectric loss tan 8 and a 
leakage current i both of a value substantially 
reduced compared with those of conventional 
electrolytes and fully satisfactory for capacitors. 

Forming Procedure 

30 An entirely novel conception has been intro- 
duced by the inventors in anodic oxidation 
of metal titanium in a molten salt according 
to the invention. Thus, in the manufacture 
of titanium capacitors forming conditions have 

35 been found which give a very limited leakage 
current. It has been found that in anodic 
oxidation of metal titanium in a molten salt 
electrolyte there exists a certain length of 
forming time after application of a predeter- 

40 mined forming voltage which gives a mini- 
mum leakage current value per unit capaci- 
tance and per unit voltage. According to 
one feature of the procedure of the invention 
the forming is characteristically complete in 

45 such length of time. On this occasion, the 
process of applying the predetermined forming 
voltage is not critical; that is, the predeter- 
mined voltage may be applied at the very 
start of the formation or a lower voltage may 

50 first be applied and then slowly raised to 
reach the predetermined value. 

The formation of aluminium and tantalum 



is generally effected at low temperatures in 
the vicinity of room temperature in an aqueous 
or nonaqueous electrolyte. On this occasion, 55 
the forming process is continued until the 
forming current has been fully diminished to 
give a limited leakage current. It is also 
known in tfae art to effect-formation of metal 
titanium in a molten salt of alkali metal and 60 
it is generally presumed mat a longer forming 
time gives a smaller forming current and 
hence a smaller leakage current. However, in 
the case of metal titanium, the. leakage current 
is largely affected by the forming time. As 65 
shown by experiments, a shorter forming time 
gives a smaller leakage current than when a 
forming time is used which is long enough 
to substantially diminish the forming current. 
This indicates the desirability of terminating 70 
the forming procedure at an early stage com- 
pared with the conventional procedure in which 
the forming is continued after the forming 
voltage has reached a predetermined level until 
the forming current is fully diminished. 75 

Reference will now be made to experiments 
conducted on the forming conditions for metal 
titanium. The relationship between the form- 
ing time in seconds and the forming current 
in mA/cm 2 obtained when metal titanium 80 
was formed in a molten salt at a predeter- 
mined forming voltage is graphically shown 
in Fig. 5. A point of flection occurred in 
the vicinity of 100 seconds in Fig. 5, though 
its position depends upon the forming voltage 85 
and the bath temperature. The flection pre- 
sumably represents a change in structure of 
the oxide film. After the flection, the oxide 
film continues to grow and the forming current 
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25 



decreases gradually. Fig. 6 graphically illus- 
trates the relationship between the forming 
time and the leakage current per volt per 
unit capacitance in ^A/jxF.V as measured at 
room temperature. In Fig. 6, curve a corre- 
sponds to cases where a higher forming tem- 
perature or voltage is used; curve c corre- 
sponds to cases where a lower forming tem- 
perature or voltage is employed; and curve 
b corresponds to intermediate cases. It is 
observed that in some cases the leakage current 
increases despite a decrease in the forming 
current as shown in Fig. 5, the leakage current 
being increased even if an extended forming 
15 time is employed to substantially reduce tie 
forming current. Though this cannot be fully 
explained yet, it is probable that the corrosive 
effect of the molten salt as an electrolyte 
upon the oxide film is influential here. The 
next problem is how to obtain optimum form- 
ing conditions, which minimize the leakage 
current, and such problem must be solved 
experimentally at the present stage where the 
theoretical factors have not yet been eluci- 
dated. In other words, optimum conditions 
to give a minimized leakage current must be 
found upon the basis of the relationship be- 
tween the leakage current, forming time, form- 
ing temperature and forming voltage, obtained 
30 with any particular composition of molten 
salt, as illustrated in Fig. 6. Such forming 
conditions are applicable not only to electro- 
lytes according to the present invention but 
also to conventional molten salts including 
35 alkali metal salts such as nitrates, nitrites 
and mixtures of such salts. For example, 
Fig. 7 illustrates the relationship between the 
forming voltage in volts and the leakage 
current in pA/jiF.V for a molten mixture of 
40 sodium nitrate and sodium nitrite in the ratio 
of 1. to 1, as obtained for a predetermined 
forming time, the forming temperature being 
varied as a parameter. The relationship be- 
tween the leakage current and the forming 
45 time in minutes for a predetermined forming 
temperature and for different values of the 
forming voltage as a parameter is shown in 
Fig. 8. Forming conditions to be satisfied 
to give a minimized leakage current can be 
obtained from these figures. A similar ten- 
dency can be observed with a molten mixture 
of sodium nitrate and calcium nitrate in the 
ratio of 1 to 1, which is an example of a suit- 
able electrolyte. Illustrated in Fig. 9 is the 
55 relationship between the leakage current in 
M//*F.V and the forming time in minutes 
obtained for a predetermined forming tem- 
perature and different values of the forming 
voltage in volts as a parameter. An example 
60 of the optimum forming conditions includes 
a forming temperature of 320° C, a forming 
voltage of 20 volts and a forming time of 
20 minutes and gave an applied voltage- 
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leakage current characteristic as shown in 
Fig. 10. At a frequency of 1 kc/s, the capaci- 65 
tance was 0.88 ^F and the dielectric loss 
22%. The leakage current values obtained 
are in the range of from only 1/100 to 1/1000 
of those obtained with titanium electrolytic 
capacitors previously proposed and comparable 70 
to those of tantalum capacitors. The mini- 
mum leakage current value of specimens pre- 
pared employing conventional molten salt elec- 
trolytes is about 100 times as large as the 
minimum leakage current value obtained with 75 
specimens prepared using the technique de- 
scribed above. 

It will be appreciated that, as long as the 
above-described various conditions are satis- 
fied, a highly improved uniform dielectric 80 
oxide film for a titanium capacitor can be 
obtained in the form of the titanium oxide 
film, and that such oxide film is thermally 
stable and has a very high dielectric constant. 

WHAT WE CLAIM IS : — 85 

1. A method of making titanium capacitors 
comprising providing an anode of titanium 
metal, subjecting said anode to a pretreatment 
by immersing the same into an acid to which 

the titanium metal is corrosion resistant for 90 
a time sufficient to remove any impurities from 
the surface thereof and to form a thin, uniform, 
oxide film thereon, and anodizing the pre- 
treated anode in a molten electrolyte consisting 
essentially of a mixture of the nitrates or 95 
nitrites of an alkali metal and the nitrates of 
an alkaline earth metal. 

2. A method of making titanium capacitors 
according to claim 1 wherein the anode is 

in the form of a titanium metal article com- 100 
prising a foil, or a wire, or a rod. 

3. A method of malting titanium capacitors 
according to claim 1 wherein the anode is in 
the form of a sintered powdered body. 

4. A method of making titanium capacitors 
according to claim 3 wherein 50% or more 105 
of the particles of the powder from which 

the anode is formed by sintering are lamer 
than 300 mesh. 

5. A method of making titanium capacitors 
according to claim 3 or claim 4 wherein the 110 
body is formed by being sintered at a tem- 
perature in the range of from 500° to 1100° C. 

6. A method of making titanium capacitors 
according to any preceding claim wherein the 
acid is nitric acid. ^5 

7. A method of making titanium capacitors 
according to any preceding claim wherein the 
electrolyte is a mixture of potassium nitrate 
and calcium nitrate. 

8. A method of making titanium capacitors 120 
according to any preceding claim wherein the 
tune, voltage, and temperature of the anodiza- 
tion are correlated and controlled to limit the 
leakage current per unit capacitance and unit 
voltage of the capacitor to a minimum. 125 
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9. A method of making titanium capacitors 
according to claim -1 substantially as described 
with reference to the accompanying drawings. 

10. A titanium capacitor made by the 
method of any preceding claim. 
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